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Abstract 
Electrochemically-generated chemiluminescence (ECL) from solid-state poly(9,9’-
octylfluorene) films was obtained by the successive electrochemical injection of 
polarons with opposite sign (annihilation ECL) in double potential steps. The processes 
involved in the recombination of polarons, the quenching of the electrochemically 
generated excitons and the emission stability have been also analysed. A systematic 
study at various electrochemical potentials has been carried out to determine optimal 
conditions to obtain a maximum ECL intensity, particularly with potentials of 0.4 V 
beyond the doping onsets (for both p and n doping). Results show that while the ECL 
emission is slightly affected by the potential of the emission, it is strongly dependent on 
the charging potential. Under large charging potential the electrochemically generated 
excitons formed in the emission step get quenched by an excess of polarons and 
bipolarons that are in detrimental of ECL. The maximum emission is obtained when the 
applied potentials are 0.4 V over the doping onset of the polymer conjugated chain. 
After partial depletion of the excess of polarons, the emission coming from the 
recombination of balanced polarons of opposite sign is observed. The stability of ECL 
emission in the optimal range was determined in continuous cathodic-anodic pulses. A 
rapid loss of the intensity in the initial stages is observed due to the dissolution of low 
molecular weight polymer fragments, that become soluble upon electrochemical doping. 
The emission spectrum remains stable during the complete lifetime of the polymer. The 
spectral shape of PFO films indicates that the emission occurs mainly from the β-phase 
domains in which the electrochemical charge is preferentially injected. 
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1. Introduction 
Conjugated polymers are very interesting photonic materials for their use in a wide 
variety of applications such as electronics 
1
, lasers and photonics,
2–4 
sensors, 
5,6
 light-
emitting diodes (LEDs), 
7–9
 solar cells, 
10–12
 due to their high luminescence quantum 
yield in solid state and tunable charge transport properties.  
Fluorene-based conjugated polymers (polyfluorenes) present some remarkable 
properties being poly(9,9-dioctylflorenone), PFO, possibly the most widely 
investigated. PFO is an efficient blue emitter that exhibits a complex morphological 
behaviour which is highly sensitive to the processing conditions. The solid state 
structure of PFO presents several phases which possess different inter-monomer torsion 
angle. 
3,13–17
 In the glassy phase, the chains have random orientation resulting in 
broadened absorption spectra with unresolved vibronic structure. PFO presents other 
crystalline phases
15
, α and β phases, being the later a very well-known conformation, 
where the chains adopt an extended and planar zigzag conformation with a torsion angle 
of 180º. 
13,18–20
 The absorbance spectrum of β-phase PFO shows a well resolved 0-0 
peak around 435 nm, red-shifted with respect the major peak of the glassy phase. 
18,21
 
For all phases, the photoluminescence (PL) spectrum exhibits a vibronic structure with 
red-shifted peaks from glassy 
18,22
 to β-phase. 
15
 This later phase dominates the emission 
even when it is only present in a small fraction in the sample, due to fast migration of 
excitons from glassy to the lower energy β-phase domains. 
21,23,24
 The good optical and 
electrical properties of β-phase PFO make it an ideal candidate for electroluminescent 
devices such as organic light-emitting diodes (OLED), electrically pumped organic 
lasers or light-emitting electrochemical cells (LEC). 
25,26
 The latter device is based in 
the phenomenon of electrochemically generated luminescence or 
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electrochemiluminescence (ECL). In those devices the excitons are generated by the 
recombination of electrochemically generated charge carriers (polarons) with opposite 
charge, in a process known as annihilation ECL.
27
 Annihilation ECL has attracted 
considerable interest for its potential in the development of sensors and novel 
luminescent devices. 
28–33
 However, annihilation ECL of conjugated polymers is still a 
relatively unexplored proccess.
34
 The major reason is the anomalous properties 
observed in the electrochemical doping switching of conjugated polymers, mainly 
because the injection of charges in the conjugated chain induces the simultaneous 
intercalation of ions coming from the electrolyte. 
35,36
 The basic annihilation ECL 
mechanism can be represented by four steps: (i) charge injection, (ii) transport and 
recombination of polarons of opposite charge, (iii) exciton formation and (iv) radiative 
decay of excitons. 
37,38
 A key aspect for ECL optimization is the selection of suitable 
potentials to generate a maximum amount of emitted light. The number of injected 
charges must be balanced, since the doping at low potentials generates a small number 
of carriers leading to low emission intensity. On the other hand, the use of very large 
potentials for doping promote the formation of species that may be harmful for 
luminescent emission as bipolarons. 
37
 A detailed study of this process would be useful 
for the prospect of developing electrochemically pumped solid state lasers. The idea of a 
laser operating by ECL was proposed in the 1970-s 
39,40
. Such a device would be of 
great interest because it would not require an additional source for optical pumping, 
besides other advantages, such as easy wavelength tunability or possible 
miniaturization. Horiuchi et al. showed the possibility of obtaining amplified emission 
in an electrochemiluminescent cell containing a conjugated dye.
41
 The cell had 
semitransparent platinum electrodes forming the resonant cavity. When the redox 
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process was performed in the cell, an intensified emission was observed with a 
threshold current of about 10 mA cm
-2
. However, despite the intensification of the 
emitted light, which follows a superlineal behavior with the pumping energy, no other 
characteristics of the amplified emission were observed. An important problem of this 
type of design is the low mobility of the luminescent reagents that must diffuse from the 
bulk solution to the surface of the electrode where they react. Under these conditions the 
electrochemical reactions are limited by the diffusion coefficient of the redox active 
species. 
The annihilation ECL process of a solid-state polymer presented in this work allows the 
injection and accumulation of charge carriers of near the electrode-polymer interface, so 
that the low mobility of the carriers in these polymers would no longer be an issue for 
exciton accumulation. The first step for the development of this type of devices requires 
an optimization of the electrochemical conditions in order to achieve a high 
concentration of excitons that would allow population inversion. 
In the present work, we report ECL obtained from the annihilation process of PFO 
films. A detailed study of the dependence of the ECL intensity on the anodic and 
cathodic potentials, aiming to obtain a maximum emission efficiency has been carried 
out. The processes involved in the recombination of polarons, the quenching of the 
electrochemically generated excitons and the emission stability have been also analysed. 
Such a study constitutes a first essential step towards the development of ECL lasers. 
 
 
2. Experimental part 
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PFO end capped with dimethylphenyl groups was purchased from American Dye 
Source (reference ADS129BE, MW= 40,000 - 150 000). The chemical structure is 
shown in the inset of figure 1. PFO thin films were drop-casted from a 6 mg/mL 
solution in chloroform (Sigma Aldrich, anhydrous) over fluorine-doped tin oxide 
electrodes (FTO, SOLEMS, AGC 80, 70-90 ohms). Prior to their use, these electrodes 
were rinsed with ethanol.  
The solvent used for electrochemical measurements was anhydrous acetonitrile (Merck 
Seccosolv) and 0.1 M tetrabutylammonium hexafluorophosphate (Sigma-Aldrich, for 
electrochemical analysis) was used as supporting electrolyte. 
Electrochemical measurements were performed in a modified fluorescence cell (1 cm-
length quart cell, design showed in the supporting information). The modified 
fluorescence cell was covered with reflective layer composed of a mixture of white 
paint and BaSO4, leaving an uncovered 1 cm
2
-window to recollect the emission beam. 
The working electrode was a transparent FTO glass covered with PFO thin film. Pt and 
Ag wires were used as counter and pseudo-reference electrodes, respectively. The 
reference electrode was calibrated with the ferricenium/ferrocene couple (E=0.64 V vs 
SHE) 
42
. The oxygen was purged from the electrochemical cell by bubbling an argon 
flow for 10 min and the argon atmosphere was maintained during all the experiments.  
Electrochemical experiments were performed making use of a function generator 
(EG&G Parc 175 model) connected to a potentiostat-galvanostat (Pine instrument 
AFCBP1 model). 
Photoluminescence (PL) and electrochemiluminescence (ECL) spectra were acquired at 
15 
o
C using a PTI QuantaMaster spectrofluorometer (QM-62003SE model) and an 
Ocean Optics spectrophotometer (Flame model). 
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3. Results and discussion 
Figure 1 shows the absorbance (ABS) and PL spectra of a PFO film drop-casted over a 
FTO electrode at room temperature. The ABS spectrum shows a peak at 437 nm, related 
to 0-0 vibronic transition of β-phase PFO whereas the peak at 395 nm corresponds to 
absorption from both, the β and glassy PFO phases 
43
. The amount of beta phase can be 
determined from UV-vis experiments and in the present case there was determined to be 
10%. The fraction of repeat units was determined by subtracting the glassy film 
absorbance from the measured absorbance after normalization at 354 nm. 
44
 The PL 
spectrum measured at an excitation wavelength of 365 nm shows a vibronic progression 
with peaks at 441, 468, and 500 nm assigned to the S1S0 singlet exciton transitions. This 
spectrum is characteristic of the emission of the β-phase PFO. 
18,45
 The low energy peak 
with maximum at 538 nm is attributed to emission from fluorenone defects and to the 
formation of dipole mediated stacking molecular in solid state 
46–48
. 
Typical stabilized cyclic voltammograms of the PFO thin film deposited on an FTO 
electrode is shown in the inset of figure 1. The PFO polymer can be reversibly n and p 
doped. The oxidation and reduction onsets were 1.02 V and –2.10 V, respectively. 
 
 
 
Page 7 of 35
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
8 
 
400 500 600 700 800
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
1.0
A
b
s
o
rb
a
n
c
e
 (
a
.u
.)
Wavelength (nm)
E
m
is
s
io
n
 i
n
te
n
s
it
y
 (
a
.u
.)
-2 -1 0 1
-400
-200
0
200
 
 
I 
(µ
A
)
Potential (V) vs Fc
 
Figure 1. PL (solid line) and ABS (dashed line) spectra of a PFO film deposited by 
drop-casting from chloroform solutions over FTO electrodes. Inset: stabilized cyclic 
voltammogram obtained in the study of reversible doping processes of a PFO thin film 
with a scan rate of 100 mV s
-1
 and chemical structure of PFO. 
 
 
The electrochemical experiments for the ECL emission were performed by double 
potentiostatic step. In a set of experiments, the potential was initially stepped to a 
negative value to proceed to the n-doping of the polymer (charging stage). After that the 
potential was stepped to a positive value for producing p-doping. The emission is 
produced during this anodic step by the recombination of the n-polarons existing in the 
film with the new injected positive charges. We call this process anodic emission (AE). 
Similar experiments were performed by applying initially a positive potential for the p-
doping in the charging stage and the emission is produce in the step to negative values 
of potential, we named this process cathodic emission (CE). 
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3.1 Anodic emission 
We first studied the ECL emission from the PFO films obtained during anodic pulses 
(see figure 2). 
 
0 2 4 6 8 10
c
b
I (A)
t (s)
Emission I= 8.0 e4 cps
-2.36V
1.24VE (V)
a
 
Figure 2: (a) Potential applied to the working electrode; (b) Current intensity registered 
during the potentiostatic step; (c) Emission intensity of recorded at 440 nm. Working 
electrode FTO/PFO electrode in a solution acetonitrile + 0.1M TFB-TBA. 
 
 
The electrochemical potential was initially fixed to a cathodic value, chosen to be more 
negative than the reduction onset of the polymer (E= –2.36 V, fig. 2a) to proceed with 
the injection of electrons (electrochemical n-doping) and the formation of n polarons for 
a certain period, achieving the charge saturation of the conjugated chain (when the 
current reached a value of 0, equation 1): 
 + 
 → (	

)  (1) 
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Then, the potential was stepped to an anodic potential more positive than the oxidation 
onset of the polymer (E=+1.24 V). It drives to electrochemical injection of holes (p-
doping). As observed from t=0 s, a positive current is detected which corresponds to the 
charge and the injection of p polarons in the conjugated chain (fig. 2b, equation 2): 
 − 
 →    (2) 
The polarons with opposite sign recombines with the formation of polaron pairs that 
form singlet excitons (see equation 3), responsible of the emission (equation 4): 
 +	 →    (3) 
 →  + ℎ    (4) 
Figure 2.c shows the emission intensity measured at a wavelength of 440 nm during the 
anodic pulse. After a “dark period” of 0.15 s during which no emission is detected, the 
ECL starts to grow until reaching a maximum intensity at 0.60 s. Then, the ECL 
intensity decays until reaching a value the half of its initial value (half-life time) after 
1.6 s. The ECL is completely extinguished 9 s after the emission starts. 
The shape of the ECL transients cannot be fitted by a simple decay function, indicating 
that the electrochemiluminescence process is a combination of a complex process 
happening in the polymer film. This issue will be analysed in detail in subsequent 
sections. 
A systematic study on various potentials for anodic ECL (Anodic Emission, AE) was 
performed. The charging potential was fixed to a value of –2.36 V to saturate the 
conjugated chain with negative polarons (eq. 1). Figure 3.a shows the ECL transients for 
some of the anodic potentials used, ranging from 1.04 to 1.64V, to inject positive 
polarons (eq. 2).  
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Figure 3. A) Intensity of the emitted light at λ=440 nm in an anodic pulse (AE) at 
different potentials (indicated in each graph). B) maximum ECL intensity at λ=440 nm 
at different anodic potentials. The charging cathodic potential was fixed at –2.36 V. 
 
 
 
As observed in fig. 3A, initially no emission is observed up to near 0.4-0.6 s after the 
potential step: Then light emission appears, reaching a maximum intensity at about 1 s 
after the step, due to the recombination of polarons and exciton decay. The half-life time 
is around 1.5-2.5 s and there is no correlation between this time and the emission 
potential. The intensity decreases and a complete vanishing of ECL is observed at about 
7-9 s after the potential step. The ECL transients show complex shapes with shoulders 
between 2 and 5 s. The shapes of the ECL transients may be indicative of the presence 
of charge trapping defects (as monosubstituted fluorene moieties or fluorenone 
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moieties) on the charge transport and recombination. During the charge at negative 
potential, some negative charges may be trapped in mono-substituted defects and 
aromatic cyclopentadienide anion are formed. Further, the aromatic radical may react 
with close polymer chains originating crosslinking. 
38
 Thus, these defects seem to give 
rise to trapping effects in both, n and p polarons and consequently to other emission 
mechanisms or quenching. 
With regards to fig. 3B, the maximum intensity increases slightly from +1.04 V (close 
to the p-doping onset) until +1.24 V, potential at which a strong increase of the ECL 
emission occurs. When the potential reaches +1.44 V, the AE maximum intensity 
remains stable although it slightly decays at higher potentials. 
When the anodic potential is +1.44 V, the probability to obtain emissive recombination 
between n and p polarons is close to the maximum and, then, the highest AE intensity is 
measured. 
The nature and number of charges injected in the polymer is controlled by the applied 
potential. 
49,50
 The quenching of the excitons by polarons and the radiative decay are 
competitive process and depend on the number of charges injected. The number of holes 
injected during the anodic pulse increase as the potential becomes more positive. At 
emission potentials lower than +1.44 V the n polarons are in great excess in the polymer 
and the quenching of the excited stated S1 is the dominant process, driving to low 
intensity of the AE, when a photogenerated singlet exciton (S1) finds a quencher (p), the 
exciton-polaron annihilation process indicated in equation 5 takes place: 
 + 	

→	 + 	 + 	ℎ	  (5) 
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Greater AE intensity is obtained from +1.44 V since of p polarons that are generated in 
higher amount. When the anodic potential exceeds +1.64 V oxidative degradation 
processes of the polymer drives to an irreversible loss of the emission. 
The intensity of the emission depends not only on the potential of the emission, but also 
on the potential employed in the cathodic charging. Fig. 4 shows the AE at 1.24 V after 
the application of different charging potentials. After a period with no emission (dark 
period), the ECL emission starts to grow until reaching a maximum intensity and then 
the emission decays with a characteristic half-life time. The intensity of the emission, 
the dark period and the half-lives recorded are dependent on the charging potential. 
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Figure 4.: Anodic emission at+1.24 V after charge saturation at different cathodic 
potentials. The charging potential is indicated in each graph. 
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The AE maximum intensity of the emitted light is represented as function of the 
cathodic charging potential in figure 5. The maximum intensity depends on the charging 
potential, it grows from –2.36 V (near the reduction onset) until reaching a maximum at 
–2.56 V. The imposition of charging potentials more negative than –2.6 V produces a 
lowering in the emission intensity. 
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Figure 5: Maximum intensity of the emitted light at 440 nm in AE at +1.24 V as a 
function of the cathodic charging potential. 
 
 
 
Figure 6 shows the relation between the charging potential and the characteristic times 
of the emission process: the dark period and the half-life time. In general terms, as the 
charging potentials becomes more negative we can observe longer dark periods and 
longer half-lives of emission are observed. The variation of the dark period with the 
charging potential (fig. 6a) can be explained in terms of quenching of excitons by an 
excess of n polarons or by the generation of bipolaronic species at highly negative 
potentials that is detrimental to ECL. 
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Figure 6: (a) Dark period measured after the anodic pulse at +1.24 V as a function of 
the cathodic charging potential; (b) half-life time of the anodic emission at +1.24 V as a 
function of the cathodic charging potential. 
 
 
The concentration and ubication of n polaronic (polarons or bipolarons) in the film 
depends on the cathodic charge potential. The electrochemical behavior of doped 
conjugated polymers can be rationalized making use of the so-called “oligomer 
approach” 
51–53
. The polymer is composed of different segments with different effective 
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conjugated lengths, and generally, the doping states are formed at potentials closer to 
the doping onset (less negative potentials, in the case of n doping) for the longest 
conjugated lengths. Therefore, charge injection at deep negative potentials produces the 
doping of polymer chains with shorter conjugation lengths. 
54
 The increase of the dark 
time at high doping levels during the charging stage is related to larger quenching 
efficiency of these polarons placed in shorter conjugated segments. In situ 
electrochemical fluorescence experiments have demonstrated that the introduction of 
electrochemically injected polarons promotes nonradiative ways for de-excitation of 
conjugated polymer, as indicated in equation 5 
55,56
. At low doping levels, the 
annihilation rate constant, kq, depends on the diffusion rate of the species implied in the 
annihilation process, excitons and quenchers 
57
. However at high-doping levels, the 
exciton-polaron annihilation is dominated by resonant energy transfer via dipole-dipole 
interaction thus producing a better efficiency of the quenching process. 
58
 
After the consumption of the excess of n polarons, electrogenerated excitons are formed 
from the recombination of balanced concentrations of polarons with opposite sign, 
producing a maximum emission intensity. During the emission, n polarons are 
completely consumed. In summary, the data of the anodic emission presented in figures 
3 and 5 indicate that the optimum potentials for obtaining a maximum anodic emission 
intensity corresponds to an emission potential of +1.44V (+0.42 V above the oxidation 
onset) and a charging potential of –2.56V (–0.46 V below the reduction onset). 
 
3.2 Cathodic emission 
A similar study to that presented in the previous section has been performed in the 
emission obtained in cathodic steps (CE). In this case the polymer is initially oxidized 
Page 16 of 35
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
17 
 
by applying a potential more positive than the p-doping onset (E> 1.02V) to proceed 
with the injection of holes until charge saturation is reached, as indicated in equation 6: 
 + ℎ
 → (	

)  (6) 
Then, the potential was stepped to a cathodic value for the electrochemical injection of 
electrons and the subsequent emission was collected. Examples of ECL transients are 
shown in figure S2 and S3 of the supporting information. Similarly, to the case of the 
AE, a dark period is observed during which no emission is detected. Then, ECL 
emission starts to grow until reaching a maximum intensity. As in the previous 
experiments, the shape of the ECL transients is very complex but, in general terms, the 
radiative decay times are shorter during CE than the equivalent experiments presented 
of AE. 
We have performed experiments to determine the optimal potentials for a maximum 
intensity. The emission intensity is presented in figure 7 as a function of the cathodic 
emission and the anodic charging potentials. Figure 7.a shows the intensity of the 
maximum emission as function of the cathodic step. As observed, the emission intensity 
is low at –2.36 V (near the reduction onset) but it increases when moving to more 
negative potentials until reaching a maximum emission at –2.56 V. The intensity of this 
emission remains at similar values for more negative potentials (up to –2.86 V). 
Measurements taken at potentials more negative than –2.86 V produce rapid 
degradation of the polymer. 
Figure 7.b shows the effect of the charging potential in the intensity of the cathodic 
emission. As observed, the intensity increases until reaching a maximum intensity for an 
anodic charging potential of +1.44 V. The application of charging potentials more 
positive than +1.44 V produce a decrease of the emission intensity, indicating that 
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polaronic species (polarons and bipolarons) are formed in great excess. Charging 
potentials more positive than +1.64 V produce the degradation of the polymer. 
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Figure 7: (a) Intensity of the maximum emitted light in cathodic pulses (Cathodic 
Emission, CE). at different emission potentials. Charging potential +1.24 V. (b) 
Intensity of the maximum emitted light in CE at –2.36 V as a function of the charging 
potential. 
 
 
 
In summary, the data of the cathodic emission presented in figure 7, indicate that the 
optimum potentials for obtaining a maximum emission intensity correspond to an 
emission potential of –2.56 V and a charging potential of +1.44. These values are 
symmetrical to those obtained in the anodic emission experiments. 
Dark periods are displayed in the figure 8 as a function of the anodic charge potential. 
As in the previous section dark periods are closely related to the potential reached in the 
charging stage.  
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Figure 8. Dark period of cathodic emission at –2.20 V as a function of the anodic 
charging potential. 
 
 
At moderate charging potential (lesser than +1.24 V) the dark times are close to 0. 
Higher potentials drive to longer dark period that increases linearly with the charging 
potential. This behavior resembles the one presented in the previous section and 
confirms that the electrochemically generated excitons are initially quenched by the 
excess of p polarons. After partial depletion of p polarons, the emission coming from 
the recombination of balanced polarons of opposite sign is observed. 
This behavior is like that obtained in the anodic emission, although some subtle 
differences can be observed, related to different mobilities of holes and electrons within 
the film. It should be noted that the slope of the curve in fig. 6a measured in the zone of 
Page 19 of 35
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
20 
 
deep potentials is 10 s V
-1
 while the slope in the present case is 7 s V
-1
 (figure 8). For 
this two cases quenching is produced by an excess of n and p polarons, respectively. 
This indicates that p polarons seem to be less efficient quenchers for electrogenerated 
excitons in these experiments. 
Considering the relative mobility of charge carriers in PFO, the hole mobility is in the 
order of 10
-2
-10
-4 
cm
2
 V
-1
 s
-1
 while the electron mobility is near three orders of 
magnitude lower, 
59,60
 it is reasonable to consider the electrons as fixed charges and the 
holes as the sole mobile charges in PFO. Hence, the anodic emission would result from 
recombination of the holes that are injected from the electrode-polymer interface and 
their movement towards the electrolyte-polymer interface to recombine with the fixed 
electrons. In that manner, initially the excitons would be mainly generated in the 
electrode surface and the emission would appear from the electrode surface to moving 
the electrolyte-polymer interface (see Scheme 1 of the supporting information). This 
phenomenon is similar to that observed in p-n junction of planar light-emitting 
electrochemical cells. The p doping propagates at a faster speed than n doping.
61
 The 
propagation of p- and n-doping front leads to the formation of the light-emitting p-n 
junction near the cathode. 
On the other hand, the cathodic emission results from the recombination of holes 
moving from the polymer bulk towards the electrode-polymer interface where fixed 
electrons are injected. The first quenching process of the generated excitons after 
transport and polaron recombination should take place in excess of p polarons. After 
depletion of these polarons, the radiative decay of the excitons can be quenched by 
excess of n polarons until the saturation by negative charges. The recombination would 
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occur near the electrode-polymer interface, so the local concentration of negative 
polarons nearby electrogenerated excitons would induce a more efficient quenching.  
Conversely during anodic emission holes are injected from the electrode-polymer 
interface in a polymer containing electrons. These holes move towards the electrolyte-
polymer interface finding electrons, that we can considered as fixed charges. In that 
manner, initially the excitons would be mainly generated near the electrode surface and 
the emission front will move from the electrode surface to the electrolyte-polymer 
interface (see Scheme 1 in the supporting information)  
 
3.3 ECL spectra and stability 
Figure 9 shows the ECL spectra obtained in AE and CE when the optimized potentials 
were set to –2.56 V and + 1.44 V. Both spectra show a vibronic progression and clearly 
resolved emission with peaks at 441, 469 and 494-496 nm. As observed, the shape of 
the emission spectrum is similar for both AE and CE. For comparison purposes, the PL 
spectrum was included in figure 9. The small widening observed at around 423 nm is 
attributed to glassy phase emission. It is known that in PL emission from PFO efficient 
excitation energy transfer from glassy to the β-phase domains occur.
45,21
 The close 
coincidence of the shapes between ECL and PL spectra indicate that ECL originates 
mainly from the same emissive species, i.e., the β-phase PFO singlet exciton. 
Furthermore, in the ECL spectra, the broad peak at 423 nm is not observed, indicating a 
lack of emission from glassy phases. Previous studies performed by 
spectroelectrochemical methods have shown that polarons are preferentially injected in 
the β-phases. 
62
 The different relative intensities of the PL and ECL emission peaks 
might be due to the different behavior of optically and electrically generated emission in 
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the PFO films. 
25
 The exciton decay in PL can be different to the polaron recombination 
zones in ECL. In the PL emission, the excitons are optically generated in a wide area of 
the PFO film, whereas during the ECL the emission depends on the electron and hole 
relative mobilities, as discussed previously. The latter may explain the different 
intensity of the peaks centered at 494 and 496 nm corresponding to AE and CE, 
respectively.  
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Figure 9. ECL spectra of anodic emission (solid line), cathodic emission (dashed line) 
and PL spectrum (dotted line) measured for PFO thin films. The ECL spectra were 
obtained applying potentials of –2.56 V and + 1.44 V. 
 
 
The ECL stability was investigated by recording the temporal evolution of the ECL 
emission obtained for a PFO film (see figure 10). A potential sequence composed of a 
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first step from an initial potential of 0 V to + 1.44 V for 1 s followed by a step to a 
potential of – 2.56 V for 1 s. 
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Figure 10. A) ECL spectra measured for a PFO thin film with an integration time of 10 
s. The potential is stepped between + 1.44 V for 1 s and –2.56 V during 1 s. The ECL 
spectra shown were obtained at different times indicated in the figure. B) Normalized 
ECL area versus time for all spectra recorded. 
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The ECL spectra obtained are averages between AE and CE, since the integration time 
used to record the spectra is 10 s. As time grows the ECL emission intensity decrease 
and the relationship between the intensities of the emission peaks change. This is due to 
the electrochemical degradation of the polymer chains. Emission peak wavelengths do 
not substantially change over the time, indicating that the ECL emission originates from 
the same phases of PFO during the whole period of measurements.  
The widening of the spectra observed between 500 and 550 nm over time can be 
attributed to the formation of new fluorophores because of the electrochemical 
degradation. 
To quantify the ECL stability, the integrated emission has been plotted as a function of 
the time in figure 10B. The ECL integrated emission decays rapidly in the first minute 
to reach an intensity of around 60% of its initial value. This rapid loss of emission in the 
initial stages might be explained in terms of dissolution of low molecular weight 
polymer fragments, that become soluble upon electrochemical doping. The emission 
spectrum shows a major modification in this period (fig. 10A), the intensity of the main 
emission peak at 441 nm decreases with respect to those of the vibronic features. Then, 
the emission starts to decrease slowly until it vanishes completely after 18 min. During 
all this period, the spectral shape of the spectra remains stable until the complete 
vanishing of the emission. 
 
4. Conclusions 
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This study focuses on the optimization of electrochemically-generated 
chemiluminescence of polyfluorene films obtained by the successive injection of 
polarons with opposite sign in PFO films. Both, cathodic and anodic ECL emission, 
were optimized as a function of the emission and charging potentials. The maximum 
emission intensity was obtained when potentials of 0.4 V beyond the doping onset of 
the polymer was applied. Results have shown that while ECL emission is slightly 
affected by the applied potential, it is strongly affected by the charging potential. 
The application of large potentials for charging produce a high concentration of 
polaronic species (polarons and bipolarons) that are in detrimental of ECL. These 
species are considered as quenching sites for electrochemically generated excitons. The 
ECL spectral shape of PFO indicates that the emission occurs mainly from the β-phase 
domains in which the electrochemical charge is preferentially injected. 
 
Supporting Information.  
- Cell design for ECL measurement.  
- ECL experiments from cathodic emission. 
- Scheme of recombination processes during cathodic and anodic emission. 
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